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Spin hydrodynamics

— | =g | I Tyl | | 1T | | I T 1T | | | I T 11
32 0 - STAR Au+Au 20%-50% -
A . A T o BES-|
+ Relativistic hydro — data interpretation of b ,jl\ ﬂ UOMDIGWHLLE, A @ A OF i<t -
— AMPT, A BES-I| —
— 1 H ====- Chiral kinetic, A+A x < —
¢ sty . o 6 i \\ ------- YangMiIIs—IC+l13\IC1I\:{, A x4 v
+ ‘Spin’ measurements — hydrodynamics + spin i \ o 3D 1PT.Eos A 200 GeV i
- Eﬂ \\ -+ = 3FD, HG-EOS, A "A DA i< _
; : ; - ) o550
+ Various theoretical methods: density operators, A5 oy A“fEAP*;P; 112/ :
entropy principle, grad ol hydrodynamic fields, - \ HADES 20.40% 05403
¢ A Au+Au
| agrangian effective theorices ... T N T L. + A AgeAg -
e . :oc = 0.732 £ 0.014 \ : -;b ”‘ =3 "'----..:.:.~ :
(see works of V. Amborus, I Becattini, W. IFlorkowski, oLz osexoorz | T = ot
D. Bl:gC/lkg) B. R)/‘ble(/()(gkl; E. Speranza,...) B ] ] || IIII| ] ] L1 IIIII ] ] L1 1 III| ] ] L1 1 II—
1 10 10° 10°
: : : . : \'Syy (GeV)
+ Our formalisms: Kinetic theory & Wigner function NN
. = Global spin polarization o /1 hyperons
+ One ol the issues: applicability range. [Niida, Voloshin, Int. J. Mod. Phys. E 33 (2024)]
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Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

s s //t_l_’u 1 Uv ﬂ—u_//t T2 16
[, p,s) =exp | —p,pf _?+5mﬂys . P= e = (1,0)



Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

f*(x,p, s) = exp (—p ,B”+'M la) S’“‘”) ,5”=u—ﬂ, u* = (1,0)
’ ST &

O spin chemical potential

uv
a)/w — T

Spin polarization tensor




Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

f*(x,p, s) = exp (—p ,B”+'M lco S”‘”) ,5”=u—ﬂ, u* = (1,0)
’ ST &

O spin chemical potential

uv
a)/w — T

Spin polarization tensor

0 ¢ ¢ o : d Lo
e CCUric- and magnceticlike vectors:

@, = 7 o g - (61,62,63), h = (bl,bz,bB)
= —h Y 0
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Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

s s //t_l_’u 1 Uv ﬂ—u_//t T2 16
e aexpl p i s ) P =, u =(11)

HV T
I 2 Spin vector
O spin chemical potential slp
Uy
- = | =
T s = e p 5, sp = (0,3)
Spin polarization tensor internal agular momentum 7 :
[Mathisson, Acta Phys. Polon. 6, 163 (1937)] g - 3/ 4
cigenvalue of the Casimir
0 = b = : o operator in SU(Q2)
B Electric- and magneticlike vectors:
i bl = 2 —
e et e e o= D)
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Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

1 s : -
f=(x,p,s) = exp (_Puﬂ” el SW), P=—m b =t

KV 7B
I 2 Spin vector
O spin chemical potential slp
Uy
- = | =
T s = e p 5, sp = (0,3)
Spin polarization tensor internal agular momentum 7 :
[Mathisson, Acta Phys. Polon. 6, 163 (1937)] g - 3/ 4
cigenvalue of the Casimir
0 = b = : o operator in SU(Q2)
B Electric- and magneticlike vectors:
i bl = 2 —
e et e e o= D)
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Kinetic theory — classical spin description

[.ocal equilibrium distribution in spin-extended phase space

+ - kil 1 m ik it h
[, p,s) =exp | -p,p _?+5a)//ws il =0 = (1,0)

e e — — —

|

Physical quantities obtained from

=

e & = —— S8 B SIS

Perfect spin hydro: spin tensor conserved — no spin-orbit coupling, can be added by dissipation
[Florkowski, Hontarenko, PRL 134 ’25; Drogosz, Florkowski, Hontarenko PRD 110 25]
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Scalar density in kinetic theory

classical spin

Tensors can be obtained by taking derivatives w.r.t. /" and

1 1
n = JdP JdS exp (—pﬂﬁ” + Ea)/ws”” ) = JdP exp (—pﬂﬁ”) JdS exp (Ea)/ws/"” )



Scalar density in kinetic theory

classical spin

Tensors can be obtained by taking derivatives w.r.t. /" and

1 1
n = JdP JdS exp (—pﬂﬁ” + Ea)/ws”” ) = JdP exp (—pﬂﬂ”) JdS exp (Ea)/ws/"” )

1 2 sinh(8 | bs |) = - 2
JdSexp (—a)ﬂys””) = _,‘ ‘ with b, =— Lv—pni- s p

Spin measure #particl
8- = 3/4
cigenvalue of the
Casimir operator in SU(2)

crest frame
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Scalar density in kinetic theory

classical spin

Tensors can be obtained by taking derivatives w.r.t. /" and

1 1
= JdPJdS eXp (—pﬂﬂ” - 2a)ﬂysﬂ” ) — Ja’P exp (—pﬂﬂ”) Ja’S exp (Ea)/ws/"” )

1 2 sinh(8 | bs |) = - 2
JdSexp (—a)ﬂys””) = _,‘ ‘ with b, =— Lv—pni- s p

>I<artlcl

Spin measure

¢ rest [frame

= g =

82 = 3/4 | Ep’ .

- =2 |dP'exp| — +

cigenvalue of the i P T |
Casimir operator in SU(2) - - X 3 e \_L(zcal rest frame

=0



Scalar density in kinetic theory

classical spin
Tensors can be obtained by taking derivatives w.r.t. f* and @

UL
= JdPJdS — JdP exp (—pﬂﬁ”) Ja’S exp (Ea)/ws/"”)

divergence possible!

()



Criterion of convergence
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Criterion of convergence

z= . 4 4alb| - maxiz)<Ul b'=y(b—7Vx8) : (3 - b)
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Criterion of convergence

For large | ? E

b =y(b—7X§é)

P’ ol .
i B P e D D
A m

<
|
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Criterion of convergence

= A p'| -, 5
For large | p’ | T=——+§—\b - b)p|
I m
7 \ , ¢ — components of o**
= 314 6 b + € +2|e Xb\ ; i
G * — J spin polarization tensor
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Criterion of convergence

*particle rest frame

" local (fluid’s) rest frame

%

AT AR VA L
y+ 1
— P’ FEE R e e
For large | p’|: T=—pT+§p—\b'—p'><€'—(P"b)P|
m

e — — e =

| 7 b, e — components of w"”

2-3/4 |8\D +¢ +2|e xb]
< )

e —

see also the result of Abboud, Gavassino, Sinh, aa, arXiv:2506.19786

spin polarization tensor
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l.ocal equilibrium Wigner function

(NEW WG = 7 [ AP ST D) K
X_(X, p) = exXp lif(X) == ﬁﬂ()(f)p’u == ]/561//{}/”] 5 a’u(xa p) = = 4_6/41/61,560“’5()6)]91/
m

Dillers from widely used version by Becattini, Chandra, Del Zanna, Grossi, Annals Phys. 338 ‘13
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l.ocal equilibrium Wigner function

+ 1 4 +
W k) = £ JdP 5W(k F p)(p,r* £ m)X*(x,p)

1
X*(x, p) = exp lif(x) =g lop 4 7’5%7’”]’ LGPl Eeﬂmﬂwaﬁ(x)p .

Dillers from widely used version by Becattini, Chandra, Del Zanna, Grossi, Annals Phys. 338 ‘13

 Accurate delinition of the mean polarization vector.

4+ Spin density matrix consistent with Landau-Lifshitz.

. = : [Drogosz, arXiv:2509.0601]
* Conserved currents agree with kinetic theory at any order in @ up to numerical [actor.

* Perfect spin hvdro is non-lincarly causal and its equations are symmetric hyperbolic.
[S.Bhadury,Z.Drogosz, W.Florkowski, S.KarV.M. 2505.02657]
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https://arxiv.org/abs/2505.02657

l.ocal equilibrium Wigner function

(NEW W(x, k) = £ Jd” G FPiny tmXiag
X_(X, p) = eXp lif(X) = ﬁﬂ()(f)p’u + ]/561//{}/”] . a’u(xa p) = 4_6/41/61,560“’5()6)]91/
nm

Thermodynamics obtained from [dP try [+ X*(x, p)---]

traces over the spinor space
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l.ocal equilibrium Wigner function

(NEW W(x, k) = £ [dP o Plpy t ik g
X_(X, p) = eXp lif(X) = ﬁﬂ()(f)p’u + ]/561//{}/”] . a’u(xa p) = 4_6/41/61,560“’5()6)]91/
nm

Thermodynamics obtained from [dP try [+ X*(x, p)---]

traces over the spinor space

Applicability range?
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l.ocal equilibrium Wigner function

(NEW W(x, k) = £ Jd” G FPiny tmXiag
X=(x,p) = exp [ié(X) — pp” + 9/561,,,7/”] , a,(x,p) = — —e*%w  (x)p*

4m ‘F
Thermodynamics obtained from [dP try [+ X*(x, p)---]

traces over the spinor space : / ;
0 e em o
—e! 0 -=b’ b?
= b 0 — )
Ty —~b b - O

Applicability range? Doy =

7




l.ocal equilibrium Wigner function

1
WE(x, k) = £ —
(x, k) >

X*=(x, p) = exp [iéf(X) — pp” + Vs%}’”] :

Thermodynamics obtained from [dP try [+ X*(x, p)---]

a,(x,p) =

JdP 5k F p)(p,r* £ mX*(x, p)

< Lgﬂvaﬂw
4dm

traces over the spinor space

Applicability range?
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l.ocal equilibrium Wigner function

+ 1 4 +
W k) = £ [dP 5W(k F p)(p,r* £ m)X*(x,p)

1
X*(x, p) = exp lif(x) =g lop 4 Vs%yﬂl’ LGPl Eewaﬁwaﬁ(x)p .

7

Thermodynamics obtained from [dP try [+ X*(x, p)---]

traces over the spinor space : /

Applicability range? Doy =

Ty
a)max 1 < E
A V

i
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l.ocal equilibrium Wigner function

+ 1 4 +
W k) = £ [dP 5W(k F p)(p,r* £ m)X*(x,p)

1
X*(x, p) = exp |20 = BOP* + 1500 |, a,06p) = = —er e, )

4m N
Thermodynamics obtained from [dP try [+ X*(x, p)---]

traces over the spinor space : /

Applicability range? Doy =

([ ([ J ([ J o MN:”F'r Iﬂ/ s W
longitudinal relativistic 1+v
a)max

Doppler elfect
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l.ocal equilibrium Wigner function

Criteria ol convergence

N )
‘ b’ + € +2\e><b’\<—
o T
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l.ocal equilibrium Wigner function

Criteria ol convergence

e — = m |
—\/b +e¢ +2]exb| <— |
o T
e e e =/
b =y((b—7X8) V¥ - b)
y+ 1

More restrictive: (b, 7,&) L to each other,
bl =1el, WXxe) |l b
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l.ocal equilibrium Wigner function

Criteria ol convergence

)
‘ b’ + € +2\e><b’\<—
o T

ke o e,
b o ay o g

vkl
More restrictive: (b, 7,&) L to each other,

b =], ¥xe) | b

but casier to apply: neced ..., v only

max?

—

VS. b — (bl’ bza b3)9 2 = (619 629 63)9 v = (V19 VZ’ V3)
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Variety of the application ranges

Variables Kinetic theory — classical spin Wigner function — quantum spin
l1+v m 1 l+v m
Wnax> V (2+\/_)\/ 7 2 <2+\/_>\/1—V 7
Lo = 1+v m
e, b, v g\/1’2+€2+2\€><b\\/ —\/b2+e +2\e><b\\/ =
l—v 1—v T
¢, b, v i e b +e +2|exb| <—
T 2 &

in local rest frame

The bound depends on the ,.,level” of given variables

29



Variety of the application ranges

Variables Kinetic theory — classical spin Wigner function — quantum spin

a)ma)vv
e P < = = 1+V m 1 i = 1
=3 L 2 =9 T
ST e dd, =) == —_— — m 1 L0y ) — — m
é.b. 7 3\ + ¢ 421 x D | < P+ 421 x| <=
T 2 T

The bound depends on the ,.,level” of given variables
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Practical applicability

Perlect spin hydro with conserved spin tensor . last stages of HIC / HIC at moderate energies.

| 1 +
Ea)max<2+\/§)\/ V<ﬁ

1 —v T

@-.<02 m=04—-11GeV, T=01506eV, v=05

mIT = 3-10, /A +W/({A—v) ~ 1.7

Values of @ cannot be arbitrary — like ¢4 < m for bosons
Abboud, Gavassino, Singh, Speranza, arXiv:2506.19786
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Summary

+ Proper formulation of the local equilibrium Wigner function for particles

with spin 1/2 — long-standing problem solved — principal tool in spin
hyvdrodynamics.

+ Criteria constraining the application of perfect spin hydro have been
defined.

« Our perfect spin hydro 1s non-linearly causal and its equations are
symmetric hyperbolic.
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